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Abstract 
Offshore storage of CO2 in the UK North Sea may lead to the production of reservoir fluids which have the potential to contain 
significant concentrations of contaminant metals, which could be of harm to the environment. Laboratory batch leaching 
experiments with CO2 at elevated temperatures, and sequential extraction analysis of reservoir materials have determined that 
metal concentrations in a selection of North Sea reservoir sandstones are low (parts per billion – parts per million), and that their 
mobility under weak acid leaching is also low. For the metals investigated, concentrations in waters produced as a consequence 
of CO2 storage are unlikely to exceed concentrations from current UK offshore oil and gas activities. 
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1. Introduction 
Geological carbon dioxide storage in the United Kingdom (UK) will almost certainly be entirely offshore, given 
the large capacity of sedimentary basin formations beneath the North Sea. The Department of Energy and Climate 
Change (DECC) estimate that there is sufficient capacity in offshore depleted hydrocarbon fields and saline 
formations for the storage of around 100 years’ worth of UK CO2 output from industry and power generation [1]. 
Research has shown, however, that this is likely to be at the lower end of UK storage estimates.   
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Storage capacity can, for example, be limited by the increase in formation fluid pressure upon CO2 injection. As 
fluid pressures increase towards the lithostatic pressure of the formation during CO2 injection, the rock may fracture, 
potentially compromising the integrity of the storage site. Formation fluid pressure may therefore be controlled by 
the production and disposal of formation water. Scottish Carbon Capture and Storage (SCCS) estimate that storage 
offshore of Scotland could amount to around 200 years’ worth of UK CO2 output, if water were strategically 
produced during CO2 injection [2]. The economics of storage may also improve with increased storage capacity [3], 
and formation waters would also be produced during CO2-Enhanced Oil Recovery (CO2-EOR).   
 
Currently in the UK offshore environment, produced waters from oil and gas operations are routinely disposed of 
into the North Sea.  While oil-in-water (OIW) content is strictly regulated in the UK, other constituents of produced 
waters (e.g. a range of metals potentially harmful to the environment) are not subject to any regulation.  
 
While this is the current position of the long-standing UK North Sea oil and gas (O&G) industry, CO2 storage 
may face a different regulatory environment.  Laboratory [e.g. 4,5] and field scale [e.g. 6,7] studies, with an 
emphasis on the effects on onshore shallow potable groundwaters, have shown that CO2 dissolution in formation 
waters during injection and storage acidifies the waters and promotes mobilisation of major and trace metals into 
solution.  However, given that UK CO2 storage would be offshore, could disposal of produced waters increase the 
potential environmental risks to the North Sea due to the mobilisation of metallic elements with CO2 storage? 
2. Methods 
To determine whether metal mobility during offshore UK CO2 storage could be of concern to the environment, 
experimental and sequential extraction methods were employed to determine a) metal concentrations which could be 
leached from samples of North Sea reservoir sandstones at elevated temperatures in the presence of a continuous 
supply of CO2 and b) the provenance of those metals within the sandstone samples. The results of these experiments 
can then be compared with data collected by DECC from O&G companies operating in the North Sea, which acts as 
the ‘control’ for what is/is not acceptable to dispose of in the North Sea. 
2.1. Batch reaction experiment 
Sandstone samples from three UK North Sea O&G reservoirs (Captain, Cormorant, and Thistle fields, Figure 1) 
were reacted at atmospheric pressure with synthetic NaCl brines at approximate reservoir temperatures, Table 1. 
Table 1. Batch reaction experiment samples and experimental conditions. Experiments conducted at 1atm. 
UK North Sea reservoir sample Experimental conditions 
Field Well bore Depth 
(ft) 
Brine salinity 
(mg/L) 
Temperature 
(°C) 
Duration 
(days) 
Sample mass 
(g) 
Captain 13/24a-4 5,432 13,500 58 30 3.36 
Cormorant 211/21-CN40 11,294 16,000 95 15 9.39 
Thistle 211/19-6 10,671 23,500 95 15 15.25 
 
The batch reaction vessels were Quickfit™ 250 mL borosilicate flasks with Liebig condensers, each on a heating 
mantle to control temperature. CO2 was added to the vessels as a constant stream of bubbles through glass tubes, 
connected to a vapour withdrawal CO2 bottle, at a rate sufficient to maintain CO2 saturation. 
 
Control flasks were set up in an identical fashion for the Cormorant and Thistle samples, but without the addition 
of CO2. For the Captain experiment, the rock sample and synthetic brine were held in a capped beaker, heated in a 
water bath. 
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Figure 1. Locations of Captain, Cormorant & Thistle fields. The Ross field is indicated as reference for Ross FPSO Bleo Holm location (see 
Discussion). The extent of the UK Continental Shelf (UKCS) is marked in dashed green. 
 
pH readings were taken on fluid samples withdrawn and cooled to 25°C. Captain samples were measured on days 
1-7 with a Hanna HI98128 pH meter, accurate to ± 0.05 pH. Captain samples after day 7, and all Cormorant and 
Thistle samples were measured with a Hanna HI9025 pH meter and HI1230B pH electrode, accurate to ± 0.01 pH. 
 
Fluid samples were withdrawn for metal analysis at 1, 3, 5, 9, 11, 14, 22, & 30 days (Captain) and 1-7, 9, 11, 15 
days (Cormorant and Thistle), passed through a 0.22 μm filter, acidified with 2% v/v analytical grade HNO3, and 
analysed for eight metals (As, Cd, Cr, Cu, Hg, Ni, Pb & Zn) with an Agilent 7500ce ICP-MS (Captain) and a Perkin 
Elmer Optima 5300DV ICP-OES (Cormorant and Thistle). These metals are reported to DECC by North Sea O&G 
companies. 
 
ICP-MS and ICP-OES calibrations were performed using synthetic brines as matrices for the calibration 
standards, however the strong NaCl matrix of the brines resulted in reduced analytical sensitivity, particularly with 
respect to ICP-OES analysis. The analytical limits of detection (LODs, calculated  as three times the standard 
deviation of a set of matrix blanks, divided by the slope of the calibration line) for each of the eight metals of 
interest are given in Table 2. 
 
2.2. Sequential extraction procedure 
To determine the mobility and mineral association of metals present in the reservoir sandstones, a sequential 
extraction procedure (SEP) was carried out, based on the methods of Tessier et al. [8] and Wigley et al. [9]. As the 
sequence proceeds, chemical leaching of metals is achieved by targeted extraction of metals sorbed on surfaces and 
from different minerals. The leaching sequence involved six steps:  
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x Step 1. Water rinse. De-ionised water 
x Step 2. Exchangeable fraction. 1 M sodium acetate at pH 8.2 
x Step 3. Carbonates. 1 M sodium acetate adjusted to pH 5 with acetic acid 
x Step 4. Oxides. 0.1 M ammonium oxalate adjusted to pH 3 with oxalic acid 
x Step 5. Sulphides. 0.02 M HNO3 with 30% hydrogen peroxide at pH 2 at 85°C, cooled, then 3.2 M ammonium 
acetate in 20% v/v HNO3 
x Step 6. Silicate/whole rock: microwave digestion with hydrofluoric, hydrochloric and nitric acids 
After each of steps 1-5, the samples and reagents were centrifuged and the supernatant collected after filtration 
with a 0.22 μm filter, before analysis by an Agilent 7500ce ICP-MS. Bulk digestion with a microwave digester 
resulted in a 2% HNO3 nitric acid solution for analysis by a Varian Vista-Pro CCD Simultaneous ICP-OES. 
Concentrations of Hg and Cd for step 6 were determined by ICP-MS. 
 
The calibrations of the ICP-MS and ICP-OES were matrix corrected with the SEP reagents. The analytical LODs 
(defined above) for each step, are given in Table 2. The detection limits expected by DECC of O&G operators 
monitoring for these metals [10] is given in the final column, for comparison. Analytical LODs for the batch 
experiments and SEP were, on the whole, below DECC guidance LODs, with the exception of arsenic, which was 
consistently higher than the DECC value of 1 μg/L. 
Table 2. Matrix corrected analytical limits of detection (LODs) for ICP-MS and ICP-OES, in μg/L. The expected detection limits given by the 
DECC are given for comparison. 
Element Captain  Cormorant  Thistle  SEP 1 SEP 2 SEP 3 SEP 4 SEP 5 SEP 6 DECC 
Guidance 
μg/L 
As 0.255 9.21 6.61 2.09 3.45 2.70 1.48 2.98 1.41 1 
Cd 0.005 0.012 0.145 0.021 0.011 0.016 0.155 0.028 0.008 0.5 
Cr 0.080 0.074 0.200 0.524 0.184 0.268 0.551 0.948 0.585 1.5 
Cu 2.87 1.22 0.547 0.325 2.63 8.79 0.425 0.177 0.264 10 
Hg 0.023 1.88 2.81 0.037 0.017 0.031 0.042 0.053 0.090 0.5 
Ni 0.041 0.604 0.950 0.462 0.098 0.174 0.219 0.093 0.354 9 
Pb 0.125 2.60 4.20 0.035 0.068 0.013 0.180 0.063 0.412 1 
Zn 1.80 0.397 0.944 1.64 1.99 3.58 2.03 0.791 1.25 5 
3. Results 
3.1. Batch reaction experiment 
The results of ICP-OES and ICP-MS analysis of brine solutions collected from the batch experiments indicate 
that Cd, Ni, and Zn exhibit increased concentrations with the addition of CO2, compared with the controls in all 
three fields, Figure 2. Pb concentrations are consistently higher only for Captain, with occasional outliers present for 
the Cormorant and Thistle experiments. In some instances, for example Hg (Captain, Cormorant) and Cu (Captain), 
concentrations are higher in the controls than with CO2 present. The addition of CO2 does not appear to dramatically 
affect the release of metals from these sandstones. 
 
For the remainder of the eight metals analysed the addition of CO2 produced no discernable element leaching 
trend with time, with element concentrations such as As (Cormorant, Thistle), Cu (Cormorant, Thistle), Hg (Thistle) 
and Pb (Thistle) falling below analytical LODs. 
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Figure 2. Batch experiment concentrations of the eight metals of interest, for three North Sea fields. Purple squares indicate batch flasks with 
continuously bubbled CO2, white circles indicate control (no added CO2) flasks. Error bars are 2σ of the mean (Captain n=5, Thistle and 
Cormorant n=4) of repeats of National Institute of Standards and Technology (NIST) standard reference material SRM1643e. 
 
pH readings were taken throughout the batch experiments, Figure 3. All three batch experiments show that the 
addition of CO2 reduces pH values relative to the controls. For the most part, values were not below pH 6, even with 
the addition of CO2. The addition of CO2 to pure NaCl at the same concentration and temperature as the Captain 
batch experiment, gave pH results of between pH 4 and pH 5, indicating mineral buffering of pH, or disequilibrium 
dissolution of CO2 in the batch experiments. 
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Figure 3. pH values through the duration of the batch experiments. Blue squares indicate batch flasks with continuously bubbled CO2, white 
circles indicate control (no added CO2) flasks. 
3.2. Sequential extraction procedure 
Results of SEP analysis of Thistle reservoir sandstone shows that total concentrations of the eight metals of 
interest, calculated from the sum of all the extraction steps, are low, Table 3. Due to volatisation of Hg during the 
strong acid digestion (step 6), Hg concentration is probably 75-90% of the actual Hg concentration, based on 
analysis of two soil standard reference materials. The value in Table 3 is not, however, corrected for this 
discrepancy. 
Table 3. Whole rock concentrations from HF-HCl-HNO3 digestion of Thistle sandstone sample, compared with total release from batch 
experiments. As and Cd were below LODs. Errors are 2σ of the mean of (n=3) repeats of the sample for SEP and 2σ of the mean of (n=4) of 
repeats of NIST SRM1643e. 
Element Whole Rock 
(μg/g) 
Released in batch experiment with CO2  
 (μg/g) 
As 2.33 ± 0.70 < 0.033 
Cd 0.007 ± 0.004 0.006 ± 0.002 
Cr 27.25 ± 4.37 0.008 ± 0.008 
Cu 14.33 ± 1.07 0.02 ± 0.00 
Hg 19.81 ± 1.69 < 0.014 
Ni 3.68 ± 0.82 0.19 ± 0.03 
Pb 13.34 ± 1.00 0.07 ± 0.00 
Zn 9.92 ± 1.40 0.86 ± 0.30 
 
We can see from Table 3 that the mass of each element released under enhanced CO2 conditions in the batch 
experiment, per gram of Thistle sandstone sample, is significantly lower than the total of that element. The 
exception is Cd, where the amount of released metal is close to the total present in the sandstone.  
 
Examination of the metal distribution throughout the Thistle sandstone indicates that, for most metals, the bulk 
are associated with oxides, sulphides and silicates, Figure 4. 
 
Kirsch et al. [11] carried our similar SEP analysis on samples from Colorado, classifying the SEP steps based on 
susceptibility to leach metals during enhanced CO2, low O2 and short duration experimental conditions, into 
“Mobile” and “Immobile”.  Metals capable of being leached by water, ion exchange and carbonate dissolution were 
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classified as “Mobile”, while oxide, sulphide and silicate dissolution was classified as “Immobile”.  We applied the 
same classification to the SEP carried out for this study, Figure 4. 
 
  
Figure 4. Distribution of metals in Thistle sandstone, as determined by the SEP. Error bars are 2σ of the mean of (n=3) repeats of the 
sample. 
 
Using this classification, we can see that the majority of these metals are immobile; that is they are unlikely to be 
released under enhanced CO2 conditions. The exceptions for Thistle are Cu and Ni, which are more concentrated in 
mobile phases (Cu) or evenly distributed between mobile and immobile phases (Ni). The majority of Cu, and about 
half of Ni, are present within carbonate minerals. Analysis of the sample by XRD, at a sensitivity of ~1 wt.% does 
not reveal any carbonate minerals to be present. Thin section analysis was not carried out for Thistle, however the 
results of thin section analysis on Captain and Cormorant (which have similar XRD results to Thistle) describes only 
trace (< 0.5 %) amounts of carbonates. A mass balance calculation however indicates that less than 0.2 wt.% of the 
rock is of carbonate mineralogy. 
4. Discussion 
As we can see from Table 3, despite the known susceptibility of carbonates to dissolve under enhanced CO2 
conditions and release metals into solution [12], concentrations of the metals contained in these minerals remain low 
in experimental batch fluids. Given that the batch experiments were conducted at atmospheric pressure, and not 
reservoir pressures, this would limit the amount of CO2 which can dissolve in the batch reaction fluids. The effect of 
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this is that the pH’s of the batch reaction fluids are not significantly altered, as can be seen in Figure 3. In fact, even 
minor dissolution of minerals in the samples (as evidenced by low trace element mobility) provides enough pH 
buffering capacity to increase pH, rather than reduce it. Using PHREEQC v 3.0.0.7430 to build a simple 
geochemical model using the experimental NaCl solution concentration and temperature, we see that the addition of 
CO2 at atmospheric pressure reduces pH of the NaCl solution, but that mineral buffering (by adding calcite and k-
feldspar to the model) tempers this reduction in pH. An increase in CO2 partial pressure further reduces pH. An 
alternative reason for low mobility could be that the carbonate minerals present, for example dolomite, are resistant 
to weak CO2-acid attack. 
 
Metal mobility is limited under weak acid solutions in batch experiments, and metal distribution is such that they 
are unlikely to be mobilised without the application of stronger acids. Experimental data can be compared with 
North Sea oil field produced water data to investigate how the data from batch experiments fits with observations 
from North Sea industrial activity. DECC requires – under certain permit conditions – that O&G operators submit 
bi-annual summaries of produced water constituents from their facilities. Among these are the eight metals 
presented in this paper. 
 
Concentration data for production waters from Cormorant and Thistle fields were directly available, as submitted 
for the facilities Cormorant North Platform and Thistle A Platform, however no data exist directly for Captain. The 
nearest facility with data is Ross FPSO Bleo Holm, therefore these data was used as a proxy for the Captain field 
(Figure 1). 
 
Figure 5 shows a histogram of batch experiment concentration data (as a log10 scale) for the three fields, 
compared with the DECC produced water concentration data for the period 2006-2012 for those fields. For the 
metals As, Cr and Pb, concentrations from both control and bubbled CO2 batch experiments lie within the range of 
concentrations in produced waters from all three fields. Cd (Captain, Cormorant), Cu (Cormorant, Thistle) and Zn 
(Cormorant) likewise are within the range of produced water concentrations. 
 
Hg concentrations appear to be more mobile in the batch experiments than in the subsurface produced waters, 
particularly for Cormorant and Thistle. Two possible explanations for this are that the analytical LODs of the 
experimental fluids are higher than the DECC data (dotted lines, Figure 5) and so concentrations in the batch fluids 
could be significantly less than the detection limit. Furthermore, Hg suffers from carry-over between samples on the 
ICP-MS or ICP-OES if sufficient rinse time is not allowed for, resulting in elevated concentrations in following 
samples if the preceding sample has significant amounts of Hg (e.g. in a calibration standard)1.  The elevated Hg 
data may therefore be artefacts of the analytical procedure, and not representative of actual leached Hg. 
 
Cd, Cu, Ni and Zn have concentrations in some cases which are higher than those in produced waters. Cd, Ni and 
Zn appear to show that the addition of CO2 shifts the distribution of concentrations in the batch experiments to the 
right (i.e. higher concentrations), compared with the controls and the produced water data. For Cu and Hg there is no 
such effect.  
 
We can see that for the metals Cd, Ni and Zn, concentrations may increase in produced waters with the storage of 
CO2, however as demonstrated by the SEP and total concentration analysis of the Thistle sample, concentrations of 
these metals are low. The total mass of metals expected to be released, even assuming entire dissolution of the rock, 
is likewise low. As the comparison with the DECC data for individual fields also shows, Figure 5, the potential trace 
element release needs to be assessed on a field-by-field basis.  
 
An important point to note is that these experiments do not capture the heterogeneity within each field. We have 
drawn conclusions based upon the leaching of < 20 g of sample from each field containing km3 of rock.  
_____________________________________________________________________________________________ 
1 The analytical procedure for Hg was improved for the SEP analysis to allow for the carry-over problem, by analysing Hg calibration 
standards after the run of samples. 
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The concentrations in actual produced water may be different depending on the sampled horizon in the well, or 
from different wells. Similarly, an important source of error in the experimental analysis is the effect of metal 
release from isolated mineral grains in a small sample, which may indicate significantly more available metal(s) 
than would otherwise be apparent when taking into account the DECC data. Multiple SEPs may be needed to 
determine the heterogeneity of the reservoir and improve the accuracy of the analysis. 
 
Figure 5. Metal concentration data as histograms (log10 scale) of Department of Energy and Climate Change (DECC) North Sea produced water 
(green), batch experiment control (pink), and batch experiment bubbled-CO2 (purple). Vertical dotted lines represent analytical LODs, Table 2. 
 
SEP analysis does, however, capture more detailed information on the availability of metals to be leached into 
solution than standard analytical techniques such as XRD, whole rock, and thin section analysis. Since we cannot 
predict from these standard techniques how trace metals are distributed throughout a rock, unlike metals such as Fe, 
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Ca and Mg which may be predicted from mineralogy, SEPs are useful in determining a) metal distribution and b) the 
susceptibility of those metals to be released into solution under predicted conditions of CO2 storage. Whole rock 
techniques, such as XRF or bulk acid digestion give only total amounts, which present worst-case scenarios only 
e.g. complete dissolution of the rock, an unrealistic expectation if CO2 storage is within a silicate-bearing formation. 
 
Knowing the susceptibility and distribution of metals is the first start in building a predictive model of potential 
metal release during CO2 storage. However SEPs have some limitations. Firstly, although the steps are designed 
carefully to avoid it, there is inevitable carry-over of metals between steps, since the previous leaching step may not 
have entirely desorbed metals or dissolved the targeted minerals. Reprecipitation or readsorbtion can also occur. 
Secondly, based on our experience with Thistle, despite the SEP making some prediction as to what is potentially 
mobile and immobile, the concentrations obtained from the batch experiments do not necessarily bear these 
predictions out. As an example, Cu is predicted to be present mostly in the mobile phases but was barely leached 
during the batch experiment. This could be because Cu is readsorbing onto mineral surfaces, such as Fe oxides, or 
that reprecipitation of copper-bearing minerals is occurring. On the other hand, Zn was found to be almost entirely 
associated with immobile phases (99.3%), with mobile Zn concentrations at 0.066 ± 0.005 μg/g. More Zn was 
released during the batch experiments (0.86 ± 0.30 μg/g) than was identified as mobile, perhaps indicating weak 
acid solubility of some of the immobile phases. Batch experiments repeated at reservoir pressures may be needed to 
achieve lower pH – through increased dissolution of CO2 – which would test the potential for mobilisation of 
elements associated with carbonate or iron oxide phases. 
 
Ultimately, however, concentrations of these eight metals of interest are low in the samples analysed and 
therefore the potential for large releases of these metals is considered low, as demonstrated by the batch 
experiments. The results of the SEP analysis on Thistle provides information on potentially harmful concentrations 
of elements which could be mobile within the reservoir sandstone. While not a necessarily an accurate predictor of 
metal release, it would allow for strategic monitoring of production fluids during test injections. Field studies have 
already demonstrated that significant metal release often occurs rapidly during initial CO2 injection, before either 
decreasing or remaining at constant concentration [6,7], therefore SEP analysis could act as a more accurate 
predictor for this behavior in future projects than current standard techniques allow. 
5. Conclusions 
Under weak CO2-acid solutions, leaching of eight metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Zn) has been demonstrated 
to be minor, although in some cases these experiments produced concentrations which exceed current produced 
water concentrations during O&G activities for Captain, Cormorant and Thistle fields in the UK North Sea.  
 
The availability of these metals to be leached into solution, even with stronger CO2-acid solutions at reservoir 
pressure could be low, but is otherwise unpredictable as demonstrated here by the results of a sequential leaching 
procedure on the Thistle field sandstone. 
 
A model of potential environmental risk based on the mineralogy or whole rock analysis of the storage site alone 
is difficult to build. SEP analysis, combined with traditional analytical techniques, has the potential to allow for a 
basic prediction of mobile and immobile metals to be made, which could be used to determine the likelihood of 
metal mobility under CO2 storage. However, as demonstrated by the results presented for the Thistle field, the 
accuracy of the prediction is affected by more complex processes which may occur in the reservoir, such as mineral 
precipitation or metal readsorbtion to mineral surfaces. Batch or fluid flow experiments, simulating reservoir 
conditions, may also be required to improve the predictions. 
 
 While regulations currently do not exist to control the concentrations of these eight metals in produced waters, 
the preliminary results of these experiments show that it is, however, difficult to envisage large concentrations being 
produced by injecting and storing CO2 in North Sea sandstone reservoirs.  
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